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ABSTRACT

The available studies on the synthesis of high-Tc
superconductors (HTS) via the glass precursor approach have been
reviewed. Melts of the Bi-Sr-Ca-Cu-O system as well as
those doped with oxides of some other elements (Pb, AI, V, Te,
Nb, etc.) could be quenched into glasses which, on further heat
treatments under appropriate conditions, crystallized into the
superconducting phase(s). The nature of the HTS phase(s) formed
depends on the annealing temperature, time, atmosphere and the
cooling rate and also on the glass composition. Long term
annealing was needed to obtain a large fraction of the 110 K
phase. The high-Tc phase did not crystallize out directly from
the glass matrix, but was preceded by the precipitation of other
phases. The 110 K HTS was produced at high temperatures by
reaction between thephases formed at lower temperatures
resulting in multiphase material. The presence of a glass former
such as B203 was necessary for the Y-Ba-Cu-O melt to form a
glass on fast cooling. A discontinuous YBa2Cu307_6 HTS phase
crystallized out on heat treatment of this glass. Attempts to
prepare TI-Ba-Ca-Cu-O system in the glassy state were not
successful.

I. INTRODUCTION
Interest in oxide ceramic superconductors was created with a

breakthrough discovery of superconductivity at -35 K in the
La2_xBaxCuO4 system [i] which was soon followed by a
superconducting transition temperature, Tc, of -93 K in the
Y-Ba-Cu-O system [2]. Superconductivity in the rare earth-free
Bi-Sr-Cu-O system with a T of -20 K was first reported byC.
Michel et al [3]. The additlon of calcium led to the discovery
of bulk superconductivity at 85 K by Maeda et al [4]. Evidence
for a superconducting phase with Tc of -ii0 K in the



Bi-Sr-Ca-Cu-O system was presented soon after by Chu et al [5].
Tc in the Bi2Sr2Can_iCUnO2n+4 family increases with the number
of Cu-O layers when n changes from 1 to 3. Phase pure
superconducting materials for n = 1 and 2 have been synthesized
by solid state reaction and other methods. However, preparation
of a homogeneous single phase Ii0 K Tc material corresponding to
n = 3 has been found to be much more tedious. So far, the
highest confirmed Tc of 125 K has been reported [6] for the
Tl2Ba2Ca2CU30x phase in the TI-Ba-Ca-Cu-O system. Hereafter,
phases will be denoted by their cation stoichiometry, e.g., 2212
for Bi2Sr2CalCU208.

The glass precursor technique as a preparative route for HTS
is one of the most promising methods and offers several
advantages. Mixing of the components occurs at molecular level
in the melt. Almost fully dense, uniform, pore free materials
can be fabricated and highly oriented grains can be achieved by
crystallization under controlled conditions which could lead to

high critical current densities (JG). Heat treatments of the
rapidly quenched glass can result in metastable crystalline
phases having unusual properties which cannot be synthesized by
normal means. True chemical homogeneity is possible as
crystallization takes place from a homogeneous glass composition
without the need for any long range diffusion. Microstructure of
the product can be controlled by controlling the time and
temperature of heat treatment. This method is also of practical
significance for the manufacture of ceramic superconductors into
desired shapes such as fibers, wires, tapes, etc. by borrowing
thewell-established techniques of glass technology.

There are also certain limitations of the melt quenching
approach. The components should not be volatile at about one to
two hundred degrees above the melting temperature. The melt must
not phase separate and should not chemically react with the
container. The last problem may, however, be alleviated through
containerless melting [7].

The glass precursor method has been mostly applied for the
synthesis of HTS in the Bi- system. However, some attempts have
also been made in the Y-Ba-Cu-O and the TI-Ba-Ca-Cu-O systems. A
review of the glass precursor approach for fabrication of HTS is
presented here.

2. GLASS SYNTHESIS
A flowchart of the process used for glass synthesis is

shown in Fig. i. The starting materials, usually metal oxides
and carbonates, are mixed in appropriate amounts and loaded into
a crucible (Pt, Ir, or A1203). The mixture is calcined at
-800-850 °C for carbonate decomposition and solid state
reaction. The temperature is further raised to -1000-1350 °C for
melting and held for -0.5 h for homogeneization. The melt is
rapidly cooled by twin roller [8-14] quenching or by pressing
between two metal plates resulting in black opaque glass. A
typical x-ray diffraction pattern [15] of glass of
Bil.5Pb0.5Sr2Ca2Cu30 v composition formed by quenching the melt
betweentwo copperplates is shown in Fig. 2. An amorphoushalo
alongwith some low intensity diffraction peaks, which can be
assigned to CaO, are present indicating part of the CaO did not
dissolve in the melt.
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Fig. i. A flow diagram showing the glass precursor approach for
synthesis of high temperature superconductors.
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Fig. 2. Powder X-ray diffraction pattern of as-quenched glass
of Bil.5Pb 0.5Sr2ca2cu3Oy composition. [15]
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A containerless [i0-13] melting technique has also been used
to avoid any contamination of the glass melt by corrosion of the
crucible. In this method the constituent oxides are mixed in
stoichiometric amounts, pressed into a bar, and sintered. The
tip of the bar is melted using a flame or a thermal image
furnace and the melt droplets are rapidly quenched by a metal
twin-roller rotating at high speed. The details of this method
are beyond the scope of this chapter but can be found elsewhere
[i0,16].

_ 3. Bi-HTS SYSTEM
The glass precursor technique has been most widely used for

the fabrication of HTS in the Bi-Sr-Ca-Cu-O [7-12,17-48] and the
Pb-doped [13,15,49-62] systems as described below.

3.1. GLASS-FORMING REGIONS
3.1.1. Bi-Sr-Ca-Cu-O System

The glass forming region in the.BiOi.5-(CaO.SrO)0.5-CuO
system has+been investigated [7] uslng a containerless glass
melting technique. A relatively wide glass-forming region, as
shown by the broken line in Fig. 3,+exists in this
pseudo-ternary system. This is quite interesting because no
"network former" oxides are present in this system. The glass
transition temperature, Tu (Fig. 4), was found to depend mainly
on the BiOl.5 content of the glass, with a maximum of 390°C at
around 20 mol% BiOl.5. The glasses of stoichiometric
compositions such as BiSrCaCu20v and Bi2Sr2Ca2Cu30v were also
located in the region of the highest Tg. +_

BiO15 (2) GLASS

/_ O GLASS(+CaO)
/ \ • CRYSTAL

2+xocoos+o
,o . \+

/ .',,,,o +)+ \
(CaO.SrO)o5 V V -_'-'Ti'"" V _, CuO

20 40 60 80

tool%

Fig. 3. Phase diagram showing glass forming region of the
pseudo-ternary system BiO1 -(SrO.CaO)0 5-CuO, SrO/CaO
= i; Compositions (a) and i_) correspond to BiSrCaCu2Oy
and Bi2Sr2Ca2Cu3Oy, respectively. _[7]
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Fig. 4. Isotherms of glass transition temperature in the
pseudo-ternary system BiOi.5-(SrO.CaO)O.5-CuO, SrO/CaO
= i; Compositions (a) and (b) correspond to BiSrCaCu2Oy
and Bi2Sr2Ca2CU3Oy, respectively. [7]

A typical DSC scan [18] of the BiI 5SrCaCu20v glass showing
Ta and the crystallization temperature_ Tx, is glven in Fig. 5.
V_lues of both Ta and Tx vary in a complex manner with
increasing.Bi230_content in the BixSrCaCu2yO glass as Shown [26]
in Fig. 6. Both Tq and Tx increase with the CaO content in the
Bil.2SrCazCu20v glasses as shown [26] in Fig. 7. For
Bi-Sr-Ca-Cu-O _lasses, Zheng et al. [20] reported that values of
T and T decrease with increase in CuO or Bi203 contents, and• Xl
l_crease with increasing alkaline earth (CaO and SrO) content.
The thermal stability factor [14] (Tx - Tq) is large for glasses
rich in Bi203 and alkaline earth oxides w_ereas the CuO-rich
glasses show smaller values. These results clearly indicate that
Bi20_ plays an important role in glass formation and also for
thermal stability (Tx - Ta) of glasses in the Bi'Sr-Ca-Cu-O
system. Results of Komatsd et al. [26] and Tohge et al. [7] also
clearly indicate that Bi203 acts as a glass former and a
decrease in Bi203 content degrades the glass-forming ability of
the Bi-Sr-Ca-Cu-O system. This is reflected in Fig. 6 at Bi
levels less than 1.5.

The effects of glass melting temperature and copper oxide
content on the Cu(I)/CUtotaI ratio in the Bi-Sr-Ca-Cu-O glasses
along with their Ta and Tx values are given [63] in Table I.
Because of the reduction of copper oxide at high temperatures,
most copper ions in these glasses quenched from high
temperatures exist mainly in Cu(I) state. The Cu(I)/CUtota1
ratio increased with the glass melting temperature, but changed
only negligibly with copper oxide content. However, the amount
of Cu(I) in the glass, as indicated in the glass composition

5
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Fig. 5. A typical DSC scan of Bi SrCaCu O glass in inert. 1.5 2oV .
atmosphere at a heating rate of I0 C/mln. [18]
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Fig. 6. Effect of bismuth content on Tg and Tx for the
BixSrCaCu2Oy glasses. [26]
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Fig. 7. Influence of calcium content on Tg and Tx for the
Bil.2SrCazCU2Oy glasses. [26]
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Fig. 8. A typical DSC scan of BiI 5Pb0.5Sr2Ca2Cu30,, glass
recorded at a heating rate of 40°C/min in _rgon. [50]
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TABLEI. Effect of Glass Melting Conditions and Composition on Valence of
Copper and Thermal Properties of Glasses in the Bi-$r-Ca-Cu-O System [63]

Batch Composition Melting Conditions a Ca(I)/ MeanValence Resulting Glass Composition T b T. b T_T
Cutota I of Copper (_) (_) t_J g

Ions in Glass

Bi4Sr3Ca3Cu30y I050°C,air, 15 min 0.72 1.28 Bi4Sr3Ca3Cu(I)2.16Cu(II)o.B4013.92695 768 73

co

Bi4Sr3Ca3Cu40y 1050%, air, 15 min 0.66 1.34 Bi4Sr3Ca3Cu(1)2._Cu(Ii)1.36014._690 750 60

Bi4Sr3Ca3Cu40y 1200°C,air, 15 rain 0.80 1.20 Bi4Sr3Ca3Cu(1)3.2oCU(II)o.8o014.4o689 745 56

Bi4Sr3Ca3Cu40y 1350%, air, 15 min 0.85 1.15 Bi4Sr3Ca3Cu(I)3.4oCu(II)o.6o014.3o675 707 32

Bi4Sr3Ca3CusOy I050°C,air, 15 rain 0.67 1.33 Bi4Sr3Ca3Cu(I)3.3sCu(II)1.65015.33686 743 57

Pt crucible;Metal platequench.

b DSC (10K/min)on bulk glass samples.



TABIJEII. CcmpositionsoGLassTransition Temperature (Tg)w CrystaLLization Temperature (Tx) . and

Thermal StabiLity (Tx-T9) of Bi-Sr-Ca-Cu-O GLasses

GLassComposition " GLassSynthesis Nethod Tg Tx(Onset) Tx-Tg Technique SampLe Atmosphere Ref.

Netting Quenchinga (K) (K) (K) ClOKJmin) Form ]
.. °

Bi2Sr2CUOy - ' A 679 709 30 DSC - Aim" 64
1250°C, 10 min_ Pt crucible B 659 736 77 DTA BuLk Air 65

Bi2Sr2CaCu20y - A (_ 7_ 52- _ DSC- - Air 64
Air. Ir crucible C 683 723 40 DTA - 02 9

Air, Ir crucible C 683 723 40 DTA - +.. M2 9

m2sr2 %oy , A
Containertess • c 657 707 50 DTA M2 or air 13

Air. lr crucible+ C 683 TZ3 40 DTA 02 9

_o Air, Zr CrucibLe C 683 723 40 DTA M2 9

1150°C, 2h, Pt crucible C 682 737 55 DTA PoMder Air 14

1170°C, lOmin, At205 crucible B 670 738. 68 DTAc - Air 66

BiSrCaCu_O.. ContainerZess C 663 717 54 DTA PoMder 10
_ Y

1150°C, 2h, Pt crucible C 7113 739 ]6 DTA Pouder Air 14
Container less B 687 T_ b 47 DSC 29

Bil.5Sz_Cu20 Y 1]00°C, 2h, Pt crucible B 663 710 47 DSC Bulk Air 18
ContainerLess C 679 . 725 46 DSCd BuLk He 11,12

Contafnertess C 656 718 62 DSCd Poucler He 11,12

11-00°C, _Dmin, At203 crucible B 684 739 55 DSCd BuLk He 11,12

1100°C, /_min# AL205 crucibLe B 676 739 65 DSCd Powder He 11,12
1150°C, Z_min, Pt crucible B 619 718 99 DSCc. BuLk Air 67

1150°C, 2h, Pt crucible C 669 724 55 DTA Powder Air 14

1150°C, ]O-/_min, At203 crucible B 700 765 65 DTAc - 24

Bi2.7SrCaCu20y Containertess C 652 718 66 DSCd BuLk He .11,12
Container Less C 630 700 70 DSCd Pouder lie 11,12

1100°C, _Dmin, At205 crucibLe li 660 730 70 DSCd BULk lie 11,12

1100°C, Z_min, At205 crucibLe B 645 722 77 DSCd powder lie 11,12



TABLEII (Contimmd)

BfSrCa_Oy 1150°C, _, Pt crucible C 673 707 34 DTA Pouder Air 14
Bi2SrCaCu3Oy 1150°C, 2h, Pt crucible £ 667 705 38 DTA Powder Air 14

Bi3SrCaCU30y 1150°C, -2h, Pt crucible C 645 6B8 43 DTA Powder Air 14

Bi3SrCaCu30Y 1150°C, 2h. et crucible C 643 _ 60 DTA PoMder Air 14

Bi4Sr2Ca2Cu30Y 1150°Co_, Pt crucfbte C 657 755 96 DTA Powder Air 14

Bi2Sr2Ca3Cu40Y 1150°C, 2h, Pt crucible C 703 743 40 DTA Powder Air 14

Bi2Sr3Ca3CU40y 1150°C, 2h, Pt crucZbte C 701 738 37 DTA Pouder Air 14 •
Bi3Sr3Ca3Cu40Y 1150°C, 2h, Pt crucibte C 700 777 77 DTA PoteJer Air 14

Bi4Sr3Ca3CU20y 1150°C, 2h, Pt cruc_bte C 663 732 119 DTA Powder Air 14

BisSr3Ca4Cu50Y 1150°1:, 2h, Pt crucible C 706 738 34 DTA Pc_cler Air 14

___ B14Sr3Ca3.Cu30Y 1050°C, 15rain, Pt crucible B 695 768 73 DSC BuLk - 63
c_

Bi4Sr3Ca3CU40y 1050°{:, 15rain, Pt crucibte B 690 750 60 DSC Butk - 63
1200°C, 1Stain, Pt crucibte B 689 745 56 DSC Butk - 63

1350°C, 15rain, Pt crucibte B 675 707 32 DSC Bulk -

lOSO°C, 1Stain, Pt crucibte B 673 748 75 DSC Sutk O2 68
1100°C, 30mino Pt crucfb[e B 683 731 48 DSC - 20

1200°C, 1Stain, PL crucible B 686 750 64 DSC Bulk 02 68
A 682 735 53 DSC - Air 64

950°C, 2_, At203 crucibLe B 797 751 44 DTA BuLk 19

975-1075°C, Air. Ir crucibte C (_3 733 50 DTA - 02 8,9
975-1075°C, Air, Ir crucibte C 683 7"23 40 DTA - g2 8,9
1150°1:, 2h, Pt crucibte C 697 T(8 81 DTA Powder Air 14

Bi4Sr3Ca_Cu50y 1050°C, 1Stain, Pt crucible B 686 743 57 DSC BuLk - 63

aA-Brassmotd casting, B-Metat prate quench, C-Twin rol|er quench.
bpeak maximumtemperature.
csR/min.

d2ol_min.



column of Table I, increased with the copper oxide content.
Values of Tq and Tx decreased and the glass became thermally
unstable, a_ indicated by a decrease in the value of (Tx - Tu),
with increase in glass melting temperature and also with tot_l
copper oxide content. This is due to a decrease in the number of
glass network units, [BiO3] pyramids, with increase in
Cu(I)/CUtotaI ratio and CuO content.

Values of Tq, Tx, and glass thermal stability expressed in
terms of the pagameter (Tx - Ta) for Bi-Sr-Ca-Cu-O glasses of
various compositions melted under different conditions are
listed in Table II.

3.1.2. Bi-Pb-Sr-Ca-Cu-O System
A typical DSC scan [50] for the BiI 5Pb0.5Sr2Ca2Cu30. glass

showing Ta and the crystallization exothermic peak is presented
in Fig. 8_ The values of Ta, Tx, and the glass thermal stability
parameter (TX - Tu) for Bi=Pb-Sr-Ca-Cu-O glasses of various
compositions are listed in Table III. The values of Ta and Tx in
the BixPb0 4Sr2Ca2Cu3Ov glasses slowly increase with _he Bi203
conten_, reach a maxim%m for x ~ 3.0, and decrease with further
increase in bismuth content as shown in Fig. 9 [72]. The

480
DTA
10Wmin BixPbo.4Sr2Oa2Cu30y

470--

46045O

440 _

400--

390 _

380

370 --

360.- I I .I ,I I
• 1.5 2.0 2.5 3.0 3.5 4.0 4,5

x

Fig. 9. Dependence of Tq and Tx of BixPb0.4Sr2Ca2Cu3Oy glasses
on their bismuth content. [72]
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TABLEIII. Composition, Glass Tradition T_perature (T9), CrystaLLization Temperature (Tx) , and

Thermal StabiLity (T×-Tg) of Bi-Sr-Ca-Cu-O Glasses Dopedgith Other Metal Oxides

Glass Ccmfx_sition GLassSynthesis Nethod Tg Tx(Onset) Tx-Tg Technique SampLe AtJ=_here Ref.

Retting Quenchinga ([) (g) (g) (lOIGrmin) Form

Bi 1.8Pbo.2Sr2Ca2Cu30y Containertess C 618 698 80 DTA N2 or air 13

Bi1.6_.4Sr2_(_J_Oy _tai_[m C 613 683 70 DTA N2 or air 13
1250°C, 20 min, Pt crucible B 663 ?20b 57 DTA - Air 69

1170°C, 10 retain,At203 crucible B 661 719 58 DTAc Air 66
1250°C, 20 ,,in, At20_ crucibte B 669 74_ 73 DTA - 52,53

1150°C, 20 lin, At203 crucible B 677 724 47 DSCc BuLk Air 70

_o Bi 1.5Pb0.sSrzCa2CU_Oy1025°C, 30 lin, Pt crucibte B 656 714 58 DSC Bulk Ar 49,50

Bil.4Pb0.6Sr2Ca2Cu3Oy ContaJnerLess C 611 692 81 :DTA - N2 or air" 13

Bi1.6Pbo.4Sr2Ca2CU30y 1250°C, 20 .in, Pt crucible B 679 718b 48 DTA - Air 69

BiSrCaCu2At0 50y 1150°C, 30 rain, Pt crucfbte D 688 733(?) 45 DTA BuLk - 71
• 1150°C, 30 -.in, Pt crucible O 658 728(?) 70 DTA Pressed - 71

_der

Si4Sr3Ca3CU4Oy+ 035
Irate Z V205 lZ00°C, ? A 688 757 69 DSC - Air

aA-Brassmoldcasting,B-MetaLplatequench,C-TwinroLterquench,D-_i_ melt into silicatubes.

bPeak maxim., temperature ,.

C5r,/..in



decreasing trend in values of T_ and T_ in BixPb0.4Sr2Ca2Cu30v
glasses containing high Bi203 c_ntent Is similar to that show_
by Bi-based glasses [7,26]. The value of Ta and Tx for glasses
in the Bi2.9_zPbzSr2Ca2CU3Ov, Bi3 4_zPbzSr_Ca2CU3Ov, and
Bi . PbzSr Ca2Cu30 systems [72i decreased almost linearly3 9rz 2 . v
with Increase in Pb _ontent implying that substitution of Pb for
Bi does not improve the glass formation. This is expected
because Bi203 acts as a glass former and a decrease in Bi203
content would degrade [73] the glass forming ability.

3.2. GLASS VISCOSITY
Glass fibers are generally pulled from a glass preform at a

temperature around its softening point. A knowledge of the
temperature dependence of the glass viscosity would be useful
for successful drawing of continuous glass fibers.

Viscosities in the glass transition range for glasses of
BixSrCaCu2Oy (x = 1.5, 2.7) compositions, prepared [12] by
metal-plate and twin-roller quenching methods, have been
measured [12] using the beam-bending technique. Temperature
dependence of viscosity in the 1010 to 1014 Pa.s range for the
two glass compositions (Fig. 10 and 11), followed an Arrhenius
behavior with an activation energy, EA, of 800 to 980 kJ/mol.
The glass having lower bismuth content showed larger Ec. Such a
large value of En indicates that the Bi-Sr-Ca-Cu-O system forms
a fragile liquid from which glass fibers may be drawn at around
the glass softening point rather than from the melt because of
high fluidity. The working range, Tx - Tu, for these glasses is
also very narrow implying that crystalli_ation would be a
serious problem during fiber drawing at around the glass
softening point. The glass working range needs to be extended in
order to draw Bi-Sr-Ca-Cu-O fibers without devitrification.
Although an increase in Bi content of the glass results in lower
EN, which is favorable for fiber drawing, this is unfortunately
also accompanied![26] by a lowering of Tc of the glass ceramic.
It is, therefore, necessary to find ways of lowering the
activation energies of viscous flow and crystal growth without
increasing t,he bismuth content in the glass.

The viscosity of a glass of BiI 5SrCaCu20v composition,
prepared by melt quenching between'metal plates, was determined
[67] using a penetration method. Temperature dependence of
viscosity in a very narrow temperature range is shown in Fig.
12. The shaded regionshows the allowable fiber drawing range
which is extremely narrow (704 to 707 K). The En is calculated
to be 6300 kJ/mol which is very large compared to the value of
958 kJ/mol obtained using the beam bending method [12] for the
same glass composition. This large difference in EN values may
be due to the different temperature ranges for viscosity
measurements in the two studies and a non-Arrhenian temperature
dependence of the glass viscosity.

Temperature dependence [64] of viscosity of Bi4Sr3Ca3Cu4Oy
glass is shown in Fig. 13, A beam-bending method and a
rotational method were used for viscosity measurements in the
range of 108 - 1015 poise and 0.i - i00 poise, respectively.
Temperature dependence of melt viscosity of the Bi2Sr2CalCu20y
composition (Fig. 14) has been determined [74]. The melt
viscosity varied from -45 to ! Poise in the temperature range
885 to 985 °C. _
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Fig. i0. Temperature dependence of viscosity of glasses of
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Fig. ii. Temperature dependence of viscosity of glasses o£
BixSrCaCu20v compositions (x = 1.5, 2.7) prepared
using metal_twin-roller quenching technique. [12]

14



16

Bil.sSrCaCu20y

4
I

1.41 1,42 1.43 1.44

103/1",K-_

Fig 12. Temperature dependence of viscosity of the melt
quenched BiI 5SrCaCu2Ov glass. The allowable drawing
range is shown as the _haded region. [67]

16

12 -- Bi4Sr3Ca3Cu40y /
I

I

F /
o_ st Tx

._o . S
S

S

..... SS

4 _ s J
' SS

s S
s _

_s

.4 .6 .8 _,o _._

Fig. 13. Temperature dependence of viscosity for the melt and

glass of Bi4Sr3Ca3Cu40y composition. [64]

15



501
40 Bi2Sr2CaCu20yMELT

30

0

2O

10

o I ' I
880 900 920 940 960 980 1000

TEMPER_URE,°C

Fig. 14. Temperature dependence of melt viscosity of
Bi2Sr2CaCu2Oy composition. [74] •

3.3. CRYSTALLIZATION KINETICS
Devitrification of the Bi-Sr-Ca-Cu-O glasses is a serious

problem during fiber drawing by heating a glass preform to
around its softening point. Knowledge of the crystallization
kinetics of these glasses is, therefore, a prerequisite for
successful drawing of the glass fibers. Kinetics of
crystallization of the melt quenched Bi-sr-ca-Cu-O [11,17,68]
and (Bi,Pb)-Sr-Ca-Cu-O [50] glasses have been investigated by
isothermal [68] and non-isothermal [11,17,50] differential
scanning calorimetry (DSC).

The isothermal crystallization of a glass can be expressed
by the Avrami equation [75]:

X = 1 - exp[-(kt)n] (I)

where X is the volume fraction crystallized after time t, n the
Avrami parameter which depends on the crystal growth morphology,
and k the crystallization rate constant whose temperature
dependence (at least within narrow temperature ranges) can be
given by the Arrhenius equation:

k = B exp[-Ea/RT] (2)

where _ is the frequency factor, Ea the activation energy, R the
gas constant and T the isothermal absolute temperature. Taking
the logarithm of eq. (i) and rearranging gives

in[-In(l-x)]_ = n in k + n in t (3)

16



TABLEIV. Crystallization Activation Energies Of Bi-Sr-Ca-Cu-O
Glasses of Various Compositions by D$C

GlassComposition GlassMeltingand Ea Technique Atmosphere Reference
QuenchingMethod _(kJ/Mol)

Bi1.sSrCaCu20y _ IIO0°C,40 min, Al20X crucible 412 (bulk) Non-isothermal He 11
Metalplate quenchi6g. 389 (powder}

Containerlessmelting 437 (bulk) Non-isothermal He 11
twin rollerquenching. 436 (powder)

1300°C,2 h, Pt crucible 347\ bulka Non-isothermal -_ Air 17,18
Metalplate quenching. 458/

Bi2.TSrCaCuzOy 1100°C,40 min, Al203crucible 375 (bulk) Non-isothermal He 11
Metal plate,quenching. 379 (powder1

Containerlessmelting 391 (bulk) Non-isothermal He 11
•twin rollerquenchinB. 419 Ipowderl

Bi4Sr3Ca3Cu40y I050°C,15 min., Pt crucible 432 (bulk) Non-isothermal 02 68
Metal plate quenching. 489 (bulkI Isothermal

1200°C,15 min., Pt crucible 417 (bulk) Non-isothermal 02 68
Metal platequenching. 437 (bulk_ Isothermal

Bi1.sPbo.sSr2CazCu30y I025°C,30 rain.,Pt crucible 292 (bulk) Non-isothermal Ar 50
Metal platequenching.

aMultiplecrystallizationpeaksobservedin DSC.



Isothermal DSC curves for crystallization of the glass are
recorded at various temperatures. Values of n and k at a given
temperature can be evaluated from an isothermal DSC scan via eq.
(3) from the slope and intercept of a plot of in[-in(l-x)] vs.
in t. Values of Ea and S can then be determined via eq.(2) from
a plot of in k vs. I/T.

In the nonisothermal method, DSC scans are recorded at
various heating rates for the crystallization of a glass. Values
of the kinetic parameters are calculated using the kinetic model
of Bansal et al [76,77]iwhich is expressed as:

in[Tp2/U] = in(Ea/R ) - in B + Ea/(RTp) (4)

where Tp is the peak maximum temperature in the DSC, and u the
heating rate. The position of the DSC crystallization peak
shifts to higher temperature with increase in heating rate.
Values of the crystallization kinetics parameters Ea and B are
determined via eq.(4)from a plot of In[TD2/_] vs. i/Tp.

The values of Ea for crystallization bf glasses of various
compositions are listed in Table IV and range from 292 to 489
kJ/mol. Values of Ea Qbtained by isothermal and nonisothermal
DSC are in reasonably good agreement. Somewhat smaller values of
Ea for the glasses made by metal,plate quenching than for the
twin-roller quenched glasses may be due to a small difference in
their compositions caused by the corrosion of an alumina
crucible used in melting of the metal-plate quenched glasses.
This could also result from the different Cu(I) contents of the
two glasses as the amount of Cu(I) depends [13] on the cooling
rate. The value of the Avrami exponent for crystallization of
the Bi4Sr3Ca3Cu40V glass was found [68] to be close to 3
suggestlng a thre_ dimensional crystal growth at a constant
number of nucleation sites. Similar values of Ea for bulk and
powder samples probably also suggest volume crystal growth in
these glasses.

3.4. CRYSTAL PHASE(s) FORMATION ON HEAT TREATMENT OF GLASS
The development of crystalline phases on heat treatment of

glasses of different compositions under various conditions of
temperature, time, and atmosphere has been investigated by
various researchers. Description of the results of all of these
studies is beyond the scope of this chapter. Only typical
results from a few selected studies are included here.

3.4.1. Bi.Sr-Ca-Cu-O System
Typical results [35]_in the form of a temperature-time-

-transformation (T-T-T) diagram for the BiSrCaCu.2Ov_glass are.
given in Fig. 15. Each symbol denotes a mlxture of crystalllne
phases as described in the figure caption. For example, the
solid circle represents a mixture of the 80 K phase, CaO, and
CuO. This figure consists of three different areas (I-III)
containing various phases. Area I consists mainly of glassy
phase along with a trace of CaO, area II mainly of the 80 K
(2212) phase and CaO, and area III of the single 80 K phase.
Area II is further divided into three sub-areas according to the
nature of the minor phases present. Area II1 also contains Cu20,
area II2 the CuO phase, and area II3 neither CuO nor Cu20. The
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Fig. 15. T-T-T diagram for BiSrCaCu20v glass. A:glass (+CaO), D:
80 K phase + CaO + Cu20, O: 80 K phase + CaO + CuO, _:
80 K phase + CaO, O: 80 K phase. [35]
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Fig, 16. T-T-T diagram for Bi2Sr2CaCu2Oy glass. A: glass, _: i0
K phase, O: 80 K phase. [35]
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curves shown are drawn tentatively only as guides to the eyes.
In this glass, CuO easily precipitates out and is present even
after 800 °C annealing probably because of the high copper
content in the glass. Also, the i0 K phase is not formed for any
annealing conditions. Only the 80 K phase is formed on direct
heat treatment at -860 °C.

The T-T-T diagram [35] for Bi2Sr2CaCU2Ov glass (Fig. 16) is
quite simple but different from those for the other two
compositions. No crystalline phase is formed even after four

hours of heat treatment at 500 °C. The i0 K (2201) _hase
crystallizes out when the glass is annealed at 600 C and only
the 80 K (2212) phase is formed when heat treated at or above
700 °C. The nature of the crystalline phases formed depends only
on temperature, but is independent of the time of annealing.

Fig. 17 shows the T-T-T diagram [54] for the Bi2Sr2Ca2Cu3Oy
glass.composition. Various symbols and the phases they denote
are glven in the figure caption. For example, closed triangles
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900 -- MELT Bi2Sr2Ca2Cu30y

0o -- o
800- • ""--e-.._ • e o o o

700--O'~~~-_~• • _'_Q O O
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%%
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400 111111 I t I _III_I I I 1 IIIII
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Fig. 17. T-T-T diagram for Bi2Sr2Ca2Cu3Oy glass. A: glass + Cu20
+ (CaO), n: 80 K phase + CaO + i0 K phase + Cu20, []:80 K
phase + CaO + Cu20, e: 80 K phase + CaO + CuO, #: 80 K phase
+ CaO + Cu20 + CuOt o: 80 K phase + CaO, O: 80 K phase. [54]

denote glassy phase with a trace of Cu20 and residual CaO. For
all the symbols other than the closed triangles, the 80 K (2212)
HTS is the predominant crystalline phase. The solid line around
500 °C represents the boundary between glass and crystal regions
and above this line the 2212 is the main crystalline phase in
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all cases. The i0 K phase is formed only on short heat
treatments at around 600 °C as represented by the cross-hatched
region. The boundary where the Cu(I) to Cu(II) transformation
occurs is represented by the broken line and the
dashed-and-dotted line indicates the boundary where CuO
disappears. The temperature corresponding to each boundary
decreases with increase in heat treatment time, implying that
each solid state reaction depends on the heat treatment
temperature and time. At temperatures over 700 °C and for heat
treatment times longer than -4 h, only the ii0 K (2223) phase is
formed in a Wide region.

Transformation behavior [78] of the melt cast material of
Bi2Sr2CaCu20x composition into the 2212 superconducting phase is
different in air and nitrogen atmospheres. Due to a large
fraction of copper ions present as Cu(I) in these materials,
the crystallization mechanism is affected by the oxygen partial
pressure. The DTA curves in air and nitrogen for the
Bi2Sr2Ca2Cu30. glass prepared by twin roller rapid quenching are
different [137 from those made by the conventional metal plate
quenching method. These results imply that the amount of Cu(I)
ions in these glasses depends on the cooling rate and thus their
crystallization behavior is affected by the conditions of glass
synthesis. The glass preparation conditions have an effect [63]
on the [Cu(I)]/[CUtotal] ratio in.the glass which.. in turn.
affects the glass structure and its crystalllzatlon mechanlsm.
The glasses melted at lower temperature have [63] lower values
of [Cu(I)]/[CUtotal] and yield larger crystallites.

The initial crystalline phase precipitating out of the
Bi-Sr-Ca-Cu-O glasses was 2201. The TGA scan for Bi Sr Ca Cu O.. ._ 3.3.4. x
glass melted at 1050 °C showed [63] no welght galn in air in the
temperature range corresponding to the first DTA exothermic peak
which is ascribed to the crystallization of only the 2201 phase.
Nassau et al [9] observed the formation of 2201 phase from Bi-
glasses on heat treatment in nitrogen atmosphere implying that
it is unnecessary to absorb oxygen from the atmosphere to form
this phase. The mean valence of copper ions in this crystal
phase is higher than in the parent glass indicating that
crystallization is an oxidation process. Since no weight gain
occurs during the first crystallization peak, the oxygen
required for the crystal growth must come from the glassy
matrix. It is, therefore, anticipated that glasses with low
Cu(I)/CUtotal ratio produce larger.2201 crystals and vice versa.
It should, therefore, be possible to retard the crystallizatlon
by controlling the atmosphere and the Cu(I)/CUtot_1 ratio since
the crystal growth needs oxygen and the crystal slze depends on
the Cu(I)/CUtotaI ratio. Continuous glass fibers have been
successfully drawn [64] at a temperature above Tx from a
Bi-Sr-Ca-Cu-O glass preform having a high value of
Cu(I)/CUtotaI.

On reheating glass of Bil.5SrCaCu20v composition in air, the
following crystallization events are proposed [17] to occur:

Bil.5SrCaCu2Oy(glass) ---> 2201 + R + ? (+ glass_ (5)
(450 to 470 _C, Fast)

2201 + R + ? (+ glass) ---> 2212 + CuO (6)
(715 to 800 °C, slow)
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2212 ---> 2223 + R (-845 °C, slow) (7)

where R is Bi2+xSr2_xCUOy and ? represents an unidentified
phase.

Several mechanisms have been proposed [79] for formation of
the 2223 phase but the exact mechanism is not known at the
present time. One possibility is the disproportionation [80] of
2212 at just below the melting point into 2223 and 2201:

2BI2Sr2CaCu208 ---> Bi2Sr2Ca2CU3Ol0 + Bi2Sr2CuO 6 (8)

In the opinion of the present reviewer, the possibility of the
disproportionation mechanism is unlikely. If excess CuO and CaO
or some compounds containing both copper and calcium oxides such
as Ca_CuO 3 are present adjacent to the 2212 phase, the following
reactlon may occur

Bi2Sr2CaCu208 + CuO + CaO ---> Bi2Sr2Ca2Cu3010 (9)

provided that the 2223 phase is thermodynamically stable under
the experimental conditions. The 2223 phase can also be produced
by the following reaction:

Bi2Sr2CuO 6 + 2CuO + 2CaO ---> Bi2Sr2Ca2CU3Ol0 (i0)

The 2223 phase may also form [81] by precipitation from a
partially melted liquid. Development of the 2223 phase on heat
treatment of a melt-quenched Bi2Sr2Ca4Cu50 v material at 865 °C
has been followed [21] by electron microsc6py, XRD, and EDS. The
high Tc phase developed from the 80 K phase which in turn formed
from the 2201 phase. Lattice imaging was employed to follow the
conversionof 2212 phase into 2223. Presence of a liquid phase
rich in Cu and Ca near the solid-liquid interface was essential
for the evolution of the ii0 K phase at 865 °C. According to Luo
et al [82], 2223 is formed through a peritectic or
peritectic-like melting of 4334 phase at -863 °C in air:

4334(solid) ---> liquid + 2223(solid) + 02 (-865-870°C) (II)

The 2223 has a plate-like morphology and is bounded by an
amorphous phase. A thin layer of 4334 is also systematically
observed between 2223 and the amorphous phase. The conditions
for preparation of the 2223 phase are very critical because of
the long range diffusion involved, the locally nonequilibrated
oxygen partial pressure, and especially the narrow temperature
stability domain of 2223. Starting from the peritectic
decomposition of 4334, it would be very difficult to prepare
2223 with good properties due to the coexistence of a 4334,
2234 i and 2223 intergrowth composite microstructure on a very
fine scale. This microstructure may result in low Jc and a broad
superconducting transition.

A single superconducting ii0 K phase material has been
prepared [30,32] by crystallization of Bi2Sr2Ca3Cu40 _ and
Bi2Sr Ca4Cu 0 glasses at 870 °C for i0 days in air _The5y . .
starting composltlon as well as the annealing parameters are
important in forming the ii0 K phase. The 80 K and Ca2CuO 3
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TABLE V. Transition Temperatures and the Phases Formed in
Bil.sPb0.5Sr2Ca2Cu3Ov Glass Samples Annealed in

Air Under DifferentConditions[50]

Sample Heat Treatment T¢(R=0) Phases IdentifiedFrom
(K) Powder XRD

Temp. Time Cooling
(°C) (h) Rate

BI-0 .... Amorphous, CaO(trace)

BI-I 500 24 Slow - 2201a

BI-2 720 24 Slow 75 2212b, 2201, Ca2PbO 4, CuO

BI-3 750 24 Slow <63 2212, 2201, Ca2PbO 4, CuO

BI-4 802 25 Slow 69 2212, 2201, Ca2PbO4, CuO

BI'5 840 24 Slow 68 2212, 2223 c, 2201, Ca2PbO 4

BI-6 840 94 Slow 98 2223, 2212, 2201, Ca2PbO 4

BI-7 840 94 Fast 68 2223, 2212, Ca2PbO 4

BI-9 840 243 Slow 107.2 2223, 2212, Ca2PbO 4

BI-8 850 94 Slow <77 2212, 2223, Ca2PbO 4

_Bi.Sr.CanCUlO_

tHigh-Tophase isomorphicwith Bi2Sr2Ca2Cu3010



phases first coprecipitate from the glass. The ii0 K phase
nucleates and grows at the interface between these two phases
which is controlled by interface diffusion of calcium and
copper.

3.4.2. Bi-Pb-Sr-Ca-Cu-O System
Formation of crystalline phases on thermal treatment of

Pb-doped glasses of different compositions has been investigated
by a number of researchers. The development [50] of various
crystalline phases on heat treatment of a glass of
Bil _Pbn 5Sr2Ca2Cu30Q composition under different conditions is
given in'Table V. Typical results in the form of T-T-T diagrams
are [54] presented in Fig 18 for Bi Pb Sr Ca Cu O and in. " 1.8 0.2 _ 2 3
Fig. 19 for B11 Pb . Sr Ca Cu O glass composltions _n the. .6 0_4 2 2 3v . •
flgures, each symbol represents the crystalllne phases formed on
heat treatment of the glass at a given temperature and time. For
example, the closed triangles represent the glassy phase along
with a trace:of Cu20 and residual CaO. The double squares
represent a mixture of the 2212 phase, a trace of CaO, and
Ca PbO . Various other symbols and the phases they denote are.2 4. . .
llsted in the flgure captlons. The solid, broken, and
d&shed-and-dotted boundary lines are the same as in Fig. 17 for
Bi2Sr2Ca2Cu30.. The Ii0 K phase appears above the bold boUndary
line around 8_0 °C. The cross-hatched area represents the
presencelof the I0 K phase. Ca2PbO4 is observed in the area
within the double boundary lines.

1000 '

900 -- MELT Bil.8Pbo.2Sr2Ca2Cu30y

800 []
w

o. ~_1~~,..O~700 []
LU

600
IJJ

"Z
'7

< 500 k A A A

.400
,.., :; 101 102 103

.: ; ANNEALINGTIME,rain

Fig. 18. T-T-T diagram for BiI 8Pb0.2Sr2Ca2Cu30M glass. A: glass
+ CU20 + (CaO), m: 80 K phase + CaO + 10 K phase + Cu20 , rn:
80 K phase + CaO + Cu20, @: 80 K phase + CaO + CuO, _: 80 K
phase + CaO + Cu20 + CuO, o: 80 K phase + CaO + CuO + 10 K
phase + Ca2Pb04, o: 80 K phase + CaO, _: 80 K phase + CaO +
Ca2PbO4, _: .80 K phase + Ca2PbO4, _: 80 K phase + CaO + 110
K phase, ®: 80 K phase + ii0 K phase. [54]
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Fig. 19. T-T-T diagram for Bil.6Pb0.4Sr2Ca2Cu30v glass. A: glass
+ Cu20 + (CaO), m: 80 K phase + CaO + i0 K phase + Cu20, o:
80 K phase + Cu20, ¢: 80 K phase + CaO + CuO + i0 K phase +
Ca2PbO4, _: 80 K phase + CaO + CuO + Ca2PbO4, _: 80 K phase
+ Ca2PbO4, O: 80 K phase, ®: 80 K phase + ii0 K phase. [54]

In Figs. 17, 18, and 19 the formation, transformation, and
disappearance of copper oxides are quite similar, yet the
regions of the i0 K phase formation are different. The regions
of I0 K phase formation (the cross-hatched area) and Ca2PbO4
formation (surrounded by double lines) tend to extend w_th an
increase in Pb content. The major difference between Fig. 18 and
19 is that both the i0 K phase and Ca2PbO4 are easily formed
even at short annealing times in the Pb-rich glass. However, at
long annealing times the formation patterns of both phases are
similar. The large region for formation of Ca2PbO4 in the lead
rich glass may be explained [54] by the fact that this compound
consists of only Pb and Ca oxides. The production of this
Ca-rich Ca2PbO4 would enhance the formation of a Ca-deficient
phase such as Bi2Sr2CuO6.

Ca2PbO4 is formed [54] in Bil.vO_Pb0.4Sr2Ca2cu30vglass (Fig.19) on short term annealing at 855 C. However, after long term
annealing Ca2PbO4 disappears and the ii0 K phase is formed
implying that Ca2PbO4 plays an important role in the production
of the high?Tc phase. Probably the Ca2PbO4 melt formed at -850
°C reacts wlth 2212 and CuO to produce 2223.

The following crystallization sequence on heat treatment of
the Bil.5Pb0.5Sr2Ca2Cu30. glass in air has been proposed [15,
50]. The 2201 phase firs_ precipitates out followed by formation

25



of the 2212 phase at higher temperature. The ii0 K Tc phase is
formed at still higher temperature just below the melting point
probably by reaction between the low-Tc 2201 and 2212 phases and
the residual calcium and copper oxides. The high-Tc phase
formation rate is sluggish and takes a long time (days) due to
therelatively long-range diffusive ordering involved. Even
after prolonged heating of the glass at 840 °C for more than ten
days, the product contained an appreciable amount of the 80 K
phase in addition to the ii0 K phase. TGA curves [15,50] in
oxygen (Fig. 20) showed that formation of the 2212 phase is
accompanied by a rapid absorption of 02 and no uptake of 02
occurs during the formation of the 2201 phase at low temperature
or when the high-Tc 2223 phase is produced at 840 °C.
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Fig. 20. TGA scans of Bil. Pbs_0._Sr_Ca2Cu3Oy glass at heating and
cooling rates of 5_C/mln in oxygen and nitrogen. [50].

Glass of BiI 84Pb0 34Sr2Ca2Cu40. composition annealed at 842
°C for >48 h in Ar+O 2 atmosphere, m_inly contains [83] the ii0 K
phase. The formation of the ii0 K phase appears not to be the
result of disproportionation. It is suggested [83] that a liquid
phase is formed which causes dissolution of the low-T c phase in
the melt and precipitation of the ii0 K phase.

3.5. EFFECTS OF PROCESSING CONDITIONS ON Tc AND Jo
The superconducting propertiesof the glass-ceramics are

sensitive to the composition and are also dependent on the glass
melting temperature and quenching rate, annealing temperature,
time, atmosphere, and cooling conditions. Description of the
results for all of the glass compositions which have been
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studied is beyond the scope of this chapter. Only typical
results from a few selected studies are included here.

3.5.1. BI-Sr-Ca-Cu-O System
The effect of bismuth content on Tc(R=0) of the samples

annealed for 40 h in air at 820 °C in the Bi SrCaCu20 system isX , ,

shown [26] in Fig. 21. The Tc tend to decrease wlth l_crease in
Bi203 content..The influence of calcium content on Tc!R=0! of
the samples obtained by annealing at 820 °C for 40 h in air in
the Bil 2SrCazCu20."system is given [26] in Fig. 22. The Tc
value _s -75 K irrespective of the CaO content•
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Fig• 21. Superconducting transition temperatures, Tc(R=0), of
BixSrCaCu2Ov glasses annealed at 820 °C for 40 h in
air and furnace cooled. [26]

Effect of annealing temperature on Tc of glass-ceramics of
different compositions has been studied by various workers.
Typical resistivity vs. temperature curves for glass samples of
BiI 2SrCaCu20. compositions [27] annealed for 20 h at various
temperatures in alr and furnace cooled and their Tc are shown in
Fig. 23. The Tc increased with increase in annealing
temperature. The influence of annealing temperature on Tc and Jc
Of Bi2Sr2CaCU2Ov glass-ceramics are.presented [27] in Fig. 24.
The glass sampl_s were annealed In air for 48 h and fast
quenched. The Tc increased with increase in the annealing
temperature, reached a maximum and than fell when the annealing
temperature was further raised.

The influence of annealing time on Tc and Jc (at 77 K and
zero magnetic field) of Bi2Sr2CaCu20v glass samples annealed at
820 °C in air and furnace cooled is §hown [28] in Fig. 25.
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Fig. 22. Superconducting transition temperatures, Tc(R=O), of
BiI 2SrCazCu20 v glasses annealed at 820 °C for 40 h in
air'and furnac_ cooled. [26]
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Fig. 23. Temperature dependence of electrical resistivityof
BiI 2SrCaCu20v glass samples annealed for 20 h in air
at various temperatures and furnace cooled. A: 760 °C,
B: 800 °C, C: 840 °C, and D: 850 °C. [27]
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Fig. 25. Values of critical temperature Tc and critical current
density Jc (77 K, zero magnetic field)'of Bi2SrgCaCu20,,
glass samples annealed at 820 °C in air for various
times and furnace cooled. [28]
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Specimens annealed for 50 - 200 h had Tc of 80 K. The sample
annealed for 200 h showed the highest Jc of 200 A/cm2. The 840
°C annealed specimens also exhibited similar [28] behavior. Weak
links at the grain boundaries are responsible for low values of
Jc in these glass ceramics. The density of weak links at the
grain boundaries needs to be reduced in order to improve the Jc"

The effect of annealing atmosphere (02, air, or vacuum) on
Tc of glasses of BiSrCaCu2Ov, Bi2Sr2Ca2Cu3Ov, Bi3Sr3Ca3CU4Ov,
and Bi3Sr3Ca4Cu50,,compositlons annealed fo_ 24 or 48 h at _70
to 880 °C has bee_ investigated [14]. Annealing in O_ greatly
enhanced the ii0 K transition. The samples annealed in air
showed transitions at ii0 and 85 K whereas only the 85 K
transition along with a long tail extending below 77 K was
observed in the vacuum-annealed specimens.

The rate at which the sample is cooled after annealing also
affects its superconducting behavior. A glass of BiI 5SrCaCu2Ov
composition heat treated at 845 °C for 88 h in air followed by_
fast cooling showed [17,18] semiconducting behavior in the
normal state, a 50% drop in resistance at 88 K, and a broad
resistive tail with Tc(R=0) of ii K. In contrast, another sample
similarly annealed, but slow cooled, was metallic in the normal
state, exhibited a small resistivity drop at 108 K, a major drop
at 87 K, and Tc(R=0) of 55 K. The sample annealed for 168 h at
845 °C in air and furnace cooled exhibited aTc(R=0 ) at 77 K.
However, a BiSrCaCu20v glass sample annealed at 850 °C for 24 h
in oxygen and cooled _apidly showed [23] a sharp superconducting
transition and higher TG whereas the furnace cooled sample
exhibited a broad transltlon with a tail and low Tc. The effect
of cooling conditions on the superconducting properties of
Bil.2SrCaCu20v and Bi2Sr2CaCu20v glass-ceramics has also been
investigated 127]. Two glass specimens of BiI _SrCaCu20,,
compositions were annealed at 880 °C for 20 h'[n air an_ one was
rapidly quenched in air and the other was furnace cooled. The
temperature dependence of electrical resistivity of these
samples is shown in Fig. 26. The quenched sample has a high
normal state resistivity with a sharp drop at -90 K followed by
a long tail which persists to very low temperatures. On the
other hand, the furnace cooled sample shows a much smaller value
of normal state resistivity. Also, it exhibits a drop in
resistivity at -105 K indicating the formation of the high-Tc
phase followed by a sharp drop at -85 K with a Tc(R=0) of -68 K.
The effect of cooling conditions on the value of Tc of the glass
ceramics obtained b_ annealing a glass of Bi2Sr2CaCu20v
composition at 820 vC for 48 h in air differs from that for the
BiI 2SrCaCu2Ov. The normal state resistivity of the furnace
cooied sample_was smaller than for the air quenched sample, but
the former showed a Tc(R=0) value of 85 K compared with 88 K for
the latter. The reason for this difference in behavior is not
clear. The influence of various cooling rates on Tc of
BiSrCaCu20v, Bi2Sr2Ca2Cu3Ov, Bi3Sr3Ca3Cu4Ov, and Bi3Sr3Ca4Cu50V
glasses annealed for 24 or_48 h at 870 to_880 °C in air, 02, 6r
vacuum has also been studied [14]. The Tc(onset) increased with
decrease in cooling rate.

The Bi-Sr-Ca-Cu-O glasses are deficient in oxygen as
indicated by appreciable weight gains [7,9,14,17,18] starting at
-500 °C in the TGA scans in oxygen-containing atmospheres and
also from the results of Table I. The weight increase is caused
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Fig. 26. Effect of cooling rate on the temperature dependence of
electrical resistivity of Bil.2SrCaCu20 v glass samples
annealed in air at 880 °C for 20 h and _A)
air-quenched, and (B) furnace cooled. [27]

Fig. 27. Temperature dependence of electrical resistance of

Bi.1.15Pb0.5sr2.ca2cu3Ovglass specimens annealed for 24 h
in air at various temperatures and furnace cooled. [50]
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by the oxidation of Cu(I) to Cu(II). The amount of oxygen
absorption increased with the CuO content in the glasses which
may be due to an increase in their Cu(I) concentration. Also,
these glasses lose 02 at high temperatures as indicated by
weight loss in the TGA scans [7,9,14]. An increase in the
cooling rate and/or the annealing temperature would result in
higher deficiency of oxygen in these glass-ceramics. Therefore,
a lower Tc of the materials annealed in oxygen-deficient
atmosphere or those fast cooled after annealing may be ascribed
to the deficiency of oxygen.

3.5.2. Bi-Pb-Sr-Ca-Cu-O System
The annealing temperature greatly effects the nature of the

phase formation in the glass-ceramic samples and their Tc.
Temperature dependence of electrical resistance of the
Bil.5Pb0 5Sr2Ca2Cu30. glass specimens annealed at different
temperatures for 24 _ in air and furnace cooled is shown in Fig.
27 and the results are summarized in Table V. The as-quenched
glass was an insulator and the sample annealed at 500 °C was
semiconducting. The specimen heat treated at 720 °C showed
Tc(R=0) of 75 K. The sample annealed at 750 °C showed a sharp
drop in resistance, but had a long tail and the resistance did
not become zero even at 63 K. The 802 °C annealed sample had a
sharp resistivity drop starting at -80 K with Tc(R=0) of 69 K.
The specimen heat treated at 840 °C for 24 h showed a small drop
in resistance at -ii0 K, and a sharp transition at -78 K with
Tc(R=0) at 68 K. Annealing at 850 °C resulted in partial melting
and a long tail in the resistance vs. temperature curve with
Tc(R=0) < 77K. An annealing temperature of 840 °C appears to be
optimum for formation of the Ii0 K phase for this glass

composition. In Bil.6Pb0 4Sr2Ca2Cu3Ov glass, the highest _(R=0)of 106 K was observed [58] in the sample annealed at 845 _ for
24 h in air. The Tc decreased when the annealing temperature was
raised further.

The influence of annealing time at 840 °C in air on ii0 K
phase formation in Bil.5Pb0.sSr2Ca2Cu30v glass is shown [50] in
Fig. 28 and Table V. The zero resistanc_ temperature increased
with the time of annealing at 840 °C. The specimen annealed for
243 h and furnace cooled exhibited a very sharp transition with
Tc(R=0) of 107.2 K..The Bil.6Pb0.4Sr2Ca2Cu3O, glass samples
annealed at 845 °C in air showed [58] a fixe_ value of Tc(R=0)
of 106 K for annealing times longer than 24 h. However, the Jc
value increased with the annealing time probably due to an
increase in the volume fraction of the ii0 K phase. These
results indicate slow kinetics of the ii0 K phase formation
reaction resulting in the need for very long annealing times for
formation of glass-ceramic samples having an appreciable amount
of the high-Tc phase and showing high Tc and Jc-

The effects of annealing in air or nitrogen atmospheres on
the formation of HTS phases,in Bil._Pb0.4sr2ca2cu30, have been
studied [84] The fractlon of the hlgh-T phase increased with• , 0 C

sintering time in alr, and there was virtually no effect even
after annealing for 264 h in N2. The absence of oxygen favored
the formation of the low-Tc phase and inhibited the formation of
the high-Tc phase. These results are further substantiated
from the TGA scans [15,50] shown in Fig. 20. At high
temperature, a gain in sample weight is observbed in 02 while
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the sample lost weight in N2. The weight gain in 02 is probably
due to oxidation of Cu(I) to Cu(II) which is necessary for the
formation of the 2212 phase.

The influence of cooling rate, after annealing of the

Bil.5Pb0.sSr2Ca2Cu3Ov glass in..0air'on the temperature
dependence of electrical reslstlvlty is shown [50] in Fig. 29.
Two glass samples were annealed for 94 h at 840 °C in air; one
was furnace cooled and the other was rapidly quenched to ambient
temperature in air. The former sample showed a sharp transition
at ii0 K with Tc(R=0) of 98 K whereas the latter exhibited a
large resistance drop at Ii0 K with another transition at -90 K
and Tc(R=0) of 68 K. In contrast, for specimens prepared from
the glass precursor of BiI 6Pbn 4Sr2Ca2Cu30,,composition, higher
Tc(R=0) was observed [42] _n a_£-quenched s_mples than those
which were furnace cooled after prolonged annealing in air at
840 °C. The reason for these conflicting observations is not
clear at this time.
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Fig. 30. Values of (O) critical temperature Tc and (e) critical
current density Jc (77 K, zero magnetic field) of
Bi0 8Pb0.2SrCaCuxO. (x = 1.5, 1.8 and 2.0) glass
samples annealed a_ 840 °C for 250 h in air. [69]

Choice of the correct starting composition to prepare the ii0
K HTS is very important. The Bil.84Pb0.34Sr2Ca2CU3Ov composition
results in the formation of the 75 K phase whereas the ii0 K
phase is mainly produced [83] in BiI 84Pb0 34Sr2Ca2Cu40v.
However, the excess CuO present as an impurity could result [53,
83,69] in degradation of the superconducting properties such as
lower Jc" The use of an excess of CuO or CaO is, therefore, not
advisable. High temperature annealing under a proper controlled
atmosphere would be more promising. The effect of copper oxide
content on the superconducting properties of Bio.8Pb0.2SrCaCUxOy
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(X = 1.5, 1.8 and 2.0) glass-ceramics has been investigated
[69]. Values of both Tc and Jc (Fig. 30) of samples annealed at
840 °C for 250 h in air decreased with increasing CuO content.
The composition with x = 1.5 exhibited the highest Tc(R=0 ) of
106 K and a Jc of 250 A/cm 2.

The influence of Pb content on the superconductivity of the
nominal compositions BiPbxSr2Ca2Cu3Ov, Bil_xPbxSr2Ca2Cu30 v, and
Bil_xPbxSr2Ca2Cu3 6°. has been investigated [85]. Additio_ of Pb
lowered the melting _emperature and had a catalytic effect on
the formation of the high-T c phase. The optimum value of x for
the highest Tc and the maximum fraction of the high-T c phase was
0.3. At higher PbO concentration Ca2PbO 4 formed which-assisted
in the formation of the low-T c phase. The optimum value of the
Pb content is determined by the competition between the two
reactions which result in the formation of the high-T c phase and
Ca2PbO4, respectively.

The nearly pure 2223 phase has only been obtained [86-88] by
the substitution of lead. The effect of this substitution is not
well understood. Lead is known to partially substitute [89] into
the bismuth oxide planes of the crystal structure of the ii0 K
phase. The effect [90] of this substitution is to stabilize the
structure and facilitate its formation as a nearly pure phase.
Incorporation [91] of PbO lowers the melting point and w[scosity
of the glass probably by acting as a fluxing agent. However, it
has been suggested [91] that a mechanism other than a lowered
melting temperature or fluxing action is probably responsible
for the beneficial effect of PbO addition. According to Shi et
al. [33] the 2212 phase is always formed first because of the
higher free energy of the 2223 phase due to the longer c-axis of
its unit cell. The kinetics of 2223 phase formation are
controlled by calcium and copper diffusion. The presence of lead
accelerates growth of the 2223 phase by enhancing diffusion of
calcium and copper during insertion of an extra layer of Ca-O
and Cu-O into the unit cell Of 2212. The Pb atoms are easily
incorporated into the structure probably because Bi in the +3
oxidation state and Pb in the +2 state have the same outer
electronic shell configuration of 6s26p O. On the other hand.
substitution of the bigger Pb2+ cation (ionic radius = 1.20_)
for Bi3+ (ionic radius = 0.96_) probably results in the
distortion of the crystal lattice.

Nobumasa et al. [92] observed the high-T c phase directly by
high resolution transmission electron mlcroscopy (HRTEM) and
found that the Pb atoms were located in the Bi-O layers with an
atomic ratio of Pb/Bi -0.I. More recently the structures and
superconducting properties of Bil_xPbxSrCaCu I 50v (0 _ x _ i)
ceramics prepared by the powder sintering method_have been
examined [93]. For low Pb/Bi ratios, Pb atoms incorporated into
the structure of both the low-T c and high-T c phases, whereas for
high Pb content (x _ 0.25) the Pb-rich phase appeared. In light
of these'results, the value (around x ~ 0.2) of the optimum
substitution of Pb for Bi for the formation of the high-T c phase
in Bil_xPbxSrCaCUl._O v system might be closely related to the
maximumPb content inDorporating in the high-T c phase. This is
in agreement with the results of_many other researchers [13,52,
53,69,73] who also found -20% to be the optimum substitution of
Pb for Bi for the formation of a large amount of the high-T c
phase. Ibara et al [61] investigated the effect of doping the
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glasses of Bi0.8SrQ.8CaCu I 4Ov and BiSrCaCu20 ¥ compositions with
various concentratlons of PbO_ The highest Tc_R=0 ) of 102 K was
observed in BiPbo.iSrCaCU20y annealed in Ar:O 2 = 12:1 atmosphere
at 840-850 °C for i00 h.

In the Bi-Sr-Ca-Cu-O glass system, the optimum annealing
temperature to form the high-T c phase is -870 °C. In the
presence of PbO this temperature is lowered to -840 °C.
Prolonged firing at 840 _C is very effective [15,50] in
enhancing the fraction of the ll0 K phase and also in
circumventing the intergrain connectivity problem of this phase.
However, a BiI 5Pb0 5Sr2Ca2Cu30,, sample obtained [15,50] by
annealing the glass'at 840 °C f6r more than ten days in air
showed Tc(R=0 ) of 107.2 K, but the sample was still multiphase
(Fig. 31) and contained an appreciable fraction of 2212 along
with other minor phases. The optimum [13,52,53,69,73,92,93]
starting glass composition appears to be BiI 6Pb Sr Ca Cu 0. .Q.4 2 2 3v-
When annealed at -840-845 °C in air for a ±ong time, a large
_olume fraction of the ii0 K phase is formed in this glass which
shows a Tc(R=0 ) of -107 K along with a high Jc"

3.6. Bi-HTS DOPED WITH OTHER ELEMENTS
• The values of Tq, TX, and the glass stability factor (Tx -

T_) for the Bi-Sr-Ca-Cu-O glasses doped with AI203 or V205 are
g_ven in Table III. Glassification of the Bi-Sr-Ca-Cu-O system
was.lncreased [71,94] by the addition of alumina. Crystalliza-
tion of a BiSrCaCu2Al0.50x glass rod under a thermal gradient
enhanced [95] the growth of the anisotropic plate-like
superconducting crystals and improved their intergrain coupling
which could r_sult in higher Jc" Also, on crystallization under
a•thermal gradient the impurity aluminum was excluded [94] from
the HTS phases to form alumina fibers. Glass forming ability of
Bi4Sr3Ca3Cu40v composition [64] was also enhanced by doping with
0.75 mol % of-V205. The V205-doped glass also showed higher
values of T_, Tx, and thermal stability than the undoped
Bi4.SrCa33CU4Ov_. glass. The (Bi,Pb)2Sr2Ca2Cu30¥ glasses doped with
varlous concentrations of Sb [96], Mo [97], Te [98], or Nb [99],
oxides have been prepared by the melt quenching method. The
glass-forming ability was retarded by the addition of Nb205 and
TeO2. In the glass-ceramics obtained by annealing the glasses at
different temperatures, formation of the high-Tc superconducting
phase was remarkably enhanced by the presence of these oxides.
This was due to lowering of the partial melting temperature
caused by the coexistence of PbO and the dopant metal oxide.

3.7. FABRICATION OF HTS FIBERS
The glass precursor approach has been used for the

fabrication of fibers [64,67,70,72,74,100-i03], fine rods [94,
95,104], tapes [83], and thick films [91,i05-I07] of the
Bi-Sr-Ca-Cu-O and Bi-Pb-Sr-Ca-Cu-O systems. Fiber drawing from a
glass preform of Bi2Sr2CaCu20v composition was not successful
[64] due to rapid crystallization. However, continuous glass
fibers with diameter of -I00 #m have been successfully drawn
[64] of the undoped Bi4Sr3Ca3Cu_O and the one doped with 0.75
mole % V205 composition by heatln_ the glass preform to 525-550
°C. After 12 h heat treatment at 820 °C, the fibers exhibited a
Tc¢onset) at 85 K and were still very flexible. Continuous and

flexible 120 cm long glass fibers of Bil.5SrCaCU2Oy composition
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for 243 h in air and furnace cooled. [50]



have been drawn [67] from a glass preform at 434 °c. Glass
fibers of Bi2Sr2CaCu2Ov composition have been drawn [i01] from a
glass preform and surface coated with a silver paste. After
annealing at 840 °C for 5 h in air4 the fibers showed a Tc(R=0)
Of 70 K and a Jc(60 K) of >40 A/cm=. Glass fibers of various
compositions in the Bi-Pb-Sr-Ca-Cu-O system have been
prepared [70,i03] from melt-quenched glass preforms which became
superconducting after appropriate heat treatments• The glass
ceramic fiber of Bil.2Pb0 9Sr2Ca2Cu30,,composition showed a
Tc(R=0) of -109 K and Jc 6f 1480 A/c_2 (at 77 K) after i00 h
heat treatment in air at 840 °C. Glasses with high Bi content in
the Bi.Pb.Sr,Ca,Cu30z s[stem were easily drawn [72] into fibers•
After ann_allng at 840 _C for i00 h, glass fibers of

• Bi2 3Pb0 6Sr2Ca2CU3Oz composition showed [72] Tc of 84 K.
"Preliminary attempts have been made for fabrication [74] of

long slender fibers,from melts..°f Bi2Sr2CaCu20... _.and BiSrCaCu2Oy
compositionS uslng a gas 3et flberlzatlon technlque. On
subsequent heat treatment at 855 °C for 16 h in air, the
amorphous fibers were converted into the 2212 HTS. Glass fibers
of short lengths have also been prepared [i00] by spinning a
melt of Bi4Sr3Ca3Cu40v composition• On heat treatment at 830 °C
for 24 h, the glass flbers crystallized into the 2212 phase

•• along with small amounts of Bi2Sr2CuO8 and CuO phases and showed
a Tc(onset) of -80 K.

The glass precursor technique has also been employed [i08]
to apply a superconducting coating on a Pt wire by passing it
through a melt of 2212 composition at 1075 °C followed by
quenching. On subsequent heat treatment at 800 °C, the
superconducting 2212 phase is formed by devitrification of the
glassy coating• The composite wire showed a Tc(R=0) of -60 K and
could be flexed and wound without effecting its superconducting
behavior.

4. TI-Ba-Ca-Cu-O SYSTEM
Nassau et al [9] tried to prepare glasses of the

compositions. Tl2Ba2CaCu2Ox, Tl2Ba2Ca2Cu3Ox, and the latter
containing lead by melting 5 g batches of the powder in an
iridium crucible in air for less than 3 minutes. Considerable
loss of TI20 occurred during melting as indicated by black
smoke. The melt was rapidly quenched between twin metal rollers
attaining a quenching rate of -107 K/s. Some glass was obtained
only for the TI2Ba2CaCu20x composition. On heating, this showed
•a Tg of 280 °C and a number of exotherms starting at 300 °C. In
the XRD patterns of the heat treated glass, strongest
diffraction peaks of CuO, Cu20, and possibly CaCu203 were
present alongwith a number of other peaks which could not be
indexed. The study was not pursued any further.

5. Y-Ba-Cu-O SYSTEM

Rapid quenching of small droplets of YBa2Cu30. melt on steel•

plates resulted [109] in an amorphous materlal whlch showed Tg
of 330 °C and Tx of 780 °C in the DTA along with a large number
of endothermic peaks which were not explained. In the view of

the present reviewer, the reported values of Tg and Tx are
doubtful The orthorhombic YBa Cu O HTS phase was formed on• . 2. 3 7-6 o
heat treatment for 12 h in flowlng 02 at 850 C, but some other
phases were also present. On annealing in flowing 02 for 12 h at
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950 °C, almost phasepure HTS material was produced with a
Tc(R=0) of -92 K. Attempts by many other researchers [ii0-121]
did not result in the formation of a glassy material on rapid
cooling of the R-Ba-Cu-O (R = Y, Gd, Yb) melts. Even rapid
quenching of Y-Ba-Cu-O melt using a metal twin-roller did not
form glass. The presence of a glass former [122-124] such as
B203 was helpful in obtaining this composition in the glassy
state. However' the HTS phase formed on heat treatment of this
glass was discontinuous.

6. SUMMARY AND CONCLUSIONS
It is very difficult to form the Y-Ba-Cu-O and the

TI-Ba-Ca-Cu-O HTS systems in the glassy state by rapid quenching
of the melts. The Bi-HTS systems can, however, be obtained as
glasses from fast melt quenching. Bi203 acts as the glass former
and plays an important role. The thermal stability factor,
Tx = Tq, is large for glasses rich in Bi203 and alkaline earth
oxides-whereas the CuO-rich glasses show smaller values.

Superconducting material having high'Tc and Jc and
containing a large volume fraction of the 110 K phase can be
formed from a Bi0.8Pb0.2SrCaCUl.50v glass by annealing at -840 -
845 °C in "airfor an extended periDd of time followed by slow
cooling. However, synthesis of a single phase 2223 HTS material
by the glass precursor approach appears to be difficult. The
advantage of the starting components being intimately mixed in
the melt is lost as the 2223 phase does not precipitate out
directly from the glass matrix but is preceded by the
crystallization of other phases. The high-Tc phase is produced
at high temperatures by a slow diffusion controlled reaction
between the phases formed at lower temperatures.

Continuous Bi-Sr-Ca-Cu-O or lead-doped glass fibers can be
drawn by heating a glass preform around its softening point.
However, the sluggish kinetics of high-Tc phase formation
presently offers a severe limitation on the practical utility of
the glass precursor approach to Bi- HTS fabrication_
particularly for continuous fiber or wire.
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between the phases formed at lower temperatures resulting in multiphase material. The presence of a glass former

such as B203 was necessary for the Y-Ba-Cu-O melt to form a glass on fast cooling. A discontinuous YBa2Cu307. b
HTS phase crystallized out on heat treatment of this glass. Attempts to prepare TI-Ba-Ca-Cu-O system in the glassy
state were not successful.
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